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The PHENIX Experiment

The PHENIX Experiment at RHIC

e Observing collisions of p, d, Cu, Au, U 2012

* Beam Beam Counters ) ", St
* Centrality, zvertex 5 /A

* Pad and Drift Chambers
* Tracking

* EM calorimeters

* Electron and photon energy
* Time of flight: hadron ID

* Time of Flight detectors
* Hadron ID West ‘Beam View East

* Charged pion ID for ~ 0.2 — 2 GeV/c?
* Charged kaon ID for a similar range

¢ Early Universe

* Beam energy scan!
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The PHENIX Experiment

PHENIX & the RHIC Beam Energy Scan
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See details at http://www.rhichome.bnl.gov/RHIC/Runs/
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Bose-Einstein correlations

* R. H. Brown & R. Q. Twiss: intensity interferometry
in radio astronomy
Angular diameter of a main sequence star measured

* In high energy physics: Goldhaber et al.

Searched for pO — ¥ ™, found Bose-Einstein corr.
* Basic principle: symmetrization (QFT: comm.rel.) & = . -
+ Simple QM description (QFT exists as well): i e et s st e e

Llj(x)Ne—lkx’ LIJZ (x1; xZ)N(e—iklxle—ikzxz _|_ e—iklee—ikle)

Ni(k) = [ S(x, k) |P(x)|?d*x

_ 2 14 4
Ny(kq,kp) = fS(xp k1)S(xz, ka) W (xq1, x2)[“d*x1d"x,
< 2
Ny (kq,k3) S(q.K)
C,(k: k) = —22 ~ 1+ ‘ >
2(k, kz) Ny (k1 )Ny (k) $(0,K)

with q = kl — kz,K — (k1+k2)/2

e Correlation function measures Fourier transform of the source

* Only for identified particles!

* Usually measured versus qi,y = \/—(k1 — k)2
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Final state interactions, resonances

* Final state interactions distort the simple Bose-Einstein picture
For charged pions: Coulomb-interaction

* Instead of plane-waves: solve two-particle Schrédinger-eq. with V(r) = —%

Simple approximation, neglects retardation, many-particle correlations, mean field, ...

Use result in calculating C(q) from S(7)
Not very simple procedure
An usual practice: Coulomb-correction,
CBose—Einstein (@) = K(q) Cimeasured(q)

* Resonance pions: reduce correlation function
,Primordial” pions: coming from an 5-10 fm sized region
Resonance pions: from very far regions

Result: C(q) =1+ /1|§(q)|2, A=C(@-0)—-1

S(r) 2 ’ C(q) COre@ sesmmsss

core+halo

width ~ 1/R unresorlgggﬁ%
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Bose-Einstein correlations basics

The out-side-long system, HBT radii

e Extract 3 or 4 dimensional information?

* Correlation function: C,(q) = 1 + le Riva"q"

* Pair-coordinate system!
Out: direction of average transverse momentum
Long: beam direction
Side: perpendicular to both

* In this system: no average side momentum, Kg;qe = 0

 Usually used: LCMS (longitudinally comoving system)
No average longitudinal momentum, i.e. K* = (M;, K;, 0,0)

m%t_m%t _ p%t_p%t __ D2xP1y—DixD2y _ E;D1z—E1D22

Mass shell condition: g*K, = 0 = q¢= %%ut = Btout
t

* From the Rﬁv matrix, Royt, Rsidges Rlong NONZero, the usual HBT radii
If angle dependence analyzed: R, also appears
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Bose-Einstein correlations basics

Emission duration and out vs. side

* Simple hydrodynamic result:

W PHENIXZr* Au-Au 200 GeV
2 A PHENIXZm, Au-Au 200 GeV
R ¢  BTAR2m 510% Auw-Au 200 GeV

Rout + ﬁt AT T 30 H?yg:g EP%EaLghemt:ll EE|IJI|I|JFIIJI'I'I‘_I
1 + t {  Hydro+ URGMD Pt
To Buda-Lund fit
2
R R i T T T T | T T T T T T
side — 1 _|_ %

To
* Scaling with \/m;
* Qut-side diff: AT emission
duration (for static source)

* RHIC: ratio is near one i
Theoretically challenging B
Many components for resolution s

* No strong 1%t order phase trans. 0 0.5 1

* What kind of transition then? k; [GeVic]
* Cross-over at 200 GeV
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PHENIX HBT results

Bose-Einstein correlation results at a glance
* Corr. func. in 3D, Gaussian fit = HBT radii (details e.g.: arXiv:1410.2559)

LA 00 GeV deAu (010%) 1 200 GeV AusAu (50-89%) |

* Systematics: 14139 GeV Au+Au| 62 GeV Au+Au | 200 GeV Au+Au [200 GeV Cu+Cu ]
- L 0-10% | 0-10% . 0-10% L. 0-10% .
Beam species - { <k;> = 0.53 GeV/c| LA -
4 1 A i
Coll. energy 27 I A _
Centrality _ I _ h. _ ‘AA
......... AAAAL\A- Wy

ot & 15, ot &

i "Y_
| PHFENIX
. preliminary
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TSNV EIREEY Transverse momentum scaling

Transverse momentum (hydro) scaling

* Linear dependence
observed for all systems
and directions

* Recall R; = a + =

N
* Works 39 to 200 GeV

* Consistent with STAR

* Interpolation to common
transverse momentum!

* How about kaons?

Rside(fm) Rout(fm)

Riong(fM)

L 200 GeV Au+Au T 624 GeV T 39 GeV \|
PHENIX B d)T (9)
o ¥ STAR (a{} Npart =225 ( )—— Npart =225 .
- N, =350 € ¢ x T <3
C = T L1 T Lt ]
r ._ﬂ:’ B l‘r%/ T /"(
" i fodd
] B e | —
(by (ex (h)]
L ol 4 *,,#’ €1 o -
’..__,-@' .._.J*' . __!-rﬁ.
- T~ 7@ E
] T | T | 4]
©f GF ()
C = Tt . I o
o e =
. 1 = _ e _
‘rﬁ- .,ﬁ. i rﬁt'
@ L ¥ ] §
ol T T4 i
L 1 ] ] L ] ) | |:_| ] L1 | L1 ] | |::I | L1 | ] L1 | ]
1.0 1.5 20 1.0 1.5 20 1.0 1.5 2.0

m, "% (GeV/c*) " arXiv:1410.2559
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TSNV EIREEY Transverse momentum scaling

Transverse momentum scaling of kaons?

* Transverse momentum scaling approximately conserved

* Visible differences for the out and long directions

* Larger differences for central events

e Kaon emission duration longer?

[ AutAu200Gev Rg R, a RI ]
- 0-10 % T - 7
[ % I ﬁii! 'ﬁ ]
B '!%.. ‘ -T- gﬂ.. L] - - ﬁ. [ ] -
2 .g [ | E = ] . B .
i I i 1 " s
(@) 7 0-5% (b) mrt+ STAR ()]
[ +r+ - TN
- Au+Au 200 GeV EK'KT+K' K Y,
40-70% gor e+ PHIENIX
preliminary
- o )
[ o, °
[ ...009 e Go....e - . [ .0..

- .Q - @ (] I. - .% ﬁ .Q A
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RN YRS Azimuthal HBT

n=2

n=3 R:[fm7]

Azimuthally dependent HBT results

* Correlation functions as a function of azimuth angle

HBT radii parameterized as
Ri =R}, + Rjncos[n(¢p — W)l

Higher order contributions (cos[n(c[) — L112,3)]
forn = 4, 6 also possible)

* Final eccentricity measure €, fina1 = 2Rj: o /R7 .,
« . . | =3 ,"’ [
* Eccentricity dynamics: €;,; versus € *n e
Yy ni final 0.21- WSTAR .~ Au+Au 200GeV'
oo I . = =
25: Au+Au 200GeV u=s ¥ Q_EC o ]
C ottt T o w 1
2o} . S ""’*'ﬁ{'g """"""""""
AR S
‘5WE -€, —|2F=2 IR |
101(3) ) . i Ei | ’,
25F - 0-10% -+-2030% 02T T - B
205_ — sys. error _ ‘1: +§ | E
[ 00K 0oonrOsaSeSuEeBHOCO | )
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C I I (Y
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-2 0 2 -2 0 2 -2 0 2 n.ini
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RN YRS Azimuthal HBT

Shape engineered HBT

* Same centrality, different geometry: shape fluctuations

e A shape vector defined as Q,, = %NZ{-V(COS ne;,sinng;)

. . . dn,x
* Event plane: direction of Q,,, i.e. ¥,, = arctan —=
Cln,jcz\l o
-
* Magnitude of @,, also controls geometry! E%
;b Au+Au 200GeV = =
10 RXN.S+N 10 = = Bessel-Gaussian m
10° [ lower 30% 10° i A
. 2 PH:-<ENIX
10° Ohigher20% | preliminary
10 10*
10° 0-10% | 10’ 10-20%
10° 10°
0 2 4 6 Q; 0 2 4 6 Q
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e lower Q, 30%
e higher Qz 20%

preliminary
L | L L L 1 L
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STV DS EINERIIEY Geometric scaling

System size dependence

. . . 1/3 . .
* Linear increase with Npért: system volume information, RoRsRj~V ~Np4pt
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STV DS EINERIIEY Geometric scaling

Geometric scaling

* Initial transverse size R™% = ax_z + ay_z (average density RMS)

* Scaling observed!

* Better predictor of final state homogeneity length, than Np,p¢

* HBT sensitive to expansion dynamics

"Au+Au @ 200 GeVy A AutAu T i
- m. (GeV/c) (@)t 4 CurCu (p)+ (c)
A 0.391 1 1 |
,_v 0473 RSide 1 ROUt 1 RLO”Q p i
i ' 1 il A(A/ﬁ ]
[0 0.652 . Ké T 2 i
o 0852 aiw T Wt A &7 ]
i o T o T & 7 i
L ggg,@ O 1 v @QQQ L x =° ngdg |
i A 0’0@ T A @'C.@Q.Q T 9‘..9' o o |
R o T /e" e T 2= o0
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| | I | I I I I | I | |
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Collision energy dependence
Excitation function of HBT radii

e Radii all increase
* What happens with Ry,t/Rside?

* Plot (Rout_\/iﬁ)/(Rside o \/EE)
* Something happening around 30-40 GeV?

Lo Asan (a)l® PHENIX/STAR (b). Tg
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RISV EE IR0 Collision energy dependence

Excitation function of emission duration
* Measure Rgut o Rszide and (Rside_\/iﬁ)/Rlong

* \Very non-monotonic behavior!
* Theoretically challenging: HBT radii smaller than actual sizes (dynamics!)
* Full hybrid modelling needed to interpret the data (models at low /syn ?)

(¢ PHENIX/'STAR (b
15 __; ﬁﬂ? Xu (al__* STAR ( } 06
N’g & Pb+Pb ¢ ALICE . m_o
S 0-5% | m =o028Gevid | =
= | + 4 0.5 I~
S10 | ﬁﬁ | bt
x { _
S 1 104 |,
3 i i’ﬂ ¢ | =
< 5l ¢ i .2
or T 4 0.3
0.01 0.1 1 0.01 0.1 1
. TeV arXiv:1410.2559
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PHENIX HBT results

Other prospects in HBT versus critical point

* Gaussian assumption: C(q) = 1 + le 'R & S(r) = e T /R
» Two-particles source identical to correlation function, (¥Y(0)W¥(r))
* At the critical point: (P(0)W(r)) « r=¢+2=" with critical exponent 1

* If source is Lévy-stable: stability exponent a = n!
 Universality class? Conjecture: a =1 = 0.5

* Excitation function of a?

* a(m;) available at 200 GeV

s T
T

1.2 +
J l 200 GeV AutAu, 0-92%

PHENIX PRELIMINARY

1.0 +

0.30 0.35 0.40 0.45 0.50
NPA774 611 (2006) ™ [GeVic]

(Y ER I3\ V@ CPOD 2014, Bielefeld

— a=1.0
S(1) _a:i?
—_— O = 1.
—— a=1.75
— a=2.0

C(q)

20/26



Table of Contents

* Beyond HBT

(Y ER I3\ V@ CPOD 2014, Bielefeld 21/26




Neutral pion energy loss in Au+Au

* Strong suppression in central 39 GeV as well
* Suppression pattern similar at 62 GeV and 200 GeV

* No suppression in peripheral 39 GeV collisions!
* Details in Phys.Rev.Lett. 109 (2012) 152301

1.5
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T 1 T T
——
—

—

0.5
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Vitev Calculation |

_OI:IA
g

otA — 39 GeV

=62 GeV
=200 GeV

ONs =39 GeV
[ IN's = 62.4 GeV
/\Ns = 200 GeV

L E

[
LW —

VA AV

X

| (b)

AuAu, Mid peripheral{40-60%

0

0 2 4 6 8
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1)
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Beyond HBT

Neutral pion energy loss in Cu+Cu
* Significant suppression in central 62 & 200 GeV collisions

* Enhancement in 22 GeV collisions for (p; of 2.5 to 3.5 GeV/c)
 Details in Phys.Rev.Lett.101 (2008) 162301

é *Vit‘ev,\c'ls;=|22.n‘1 Ge\l, | | ; o 7 § = I —
o " no energy Idss W\Syy = 22.4 GeV f > B | | - |
- O \/syy = 62.4 GeV 12 | | - !
2 r ®\/s,, =200 GeV 19 i [ I I |
- I Vitev, 22.4 GeV, 130 <dN%/dy <185 | 1.5 | l '-T-' O
- [ Vitev, 62.4 GeV, 175 < dN%/dy < 255 | ‘;’ B voe |
- []Vitev, 200 GeV, 255 < dN%dy < 370 | — B I
15 : 1 0 ]
B Cu+Cu, 0-10% most central moe ] 0 1 7}{ 77777777777777777777777777777777777777777777777777777777
- 1 o - T 1 %. :
1 frrofffrr -~ A e TR B
L l , I'.‘C< L l ._l_. | |
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n . - \sy =624 GeV: Odata [ Vitev .
B i L \Syn = 200 GeV: @ data [] Vitev |
0 | | ‘ | | | | | 0 | | | | | | | |
0 5 10 1 5G v/ 0 50 100
pT ( e C) Npart
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Beyond HBT

Quark number scaling

* Observed for higher order anisotropies in

N(ptr (:b) - N(pt)[l + Zn vn(pt) cos(n(c,b _ Lpn))]
* Quark number scaling: vn/\/n_qnversus KEr/n,

* Preserved from 200 to 39 GeV breakdown: when & how?
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o £ E
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0.08" Bpp 4"”: + + 1 0P w0 m?? V{25 V(@ /x4.0
006 I 7 s ~ :
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= ¢ 4 1 006 - i -
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012 p=2 I|IKMFMGEV I n=3 ﬁ”ﬁzﬁsv ] | I t 3
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i o ° I 1 002 # - 3 -
0.08 g a1 . [ & v I
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Ssummary

* A wide variety of HBT data now available

* Scaling observed for wide sy range
Transverse mass
System size

Geometric scaling

e Excitation function of HBT radii

Non-monotonicity of emission duration?
Maximum at around /syy = 40 GeV

* How about correlation exponent n?

e Support beyond HBT?

Quark number scaling observed

Non-monotonic behavior in Ry 4

(Y ER I3\ V@ CPOD 2014, Bielefeld
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RISV EE IR0 Collision energy dependence

Excitation function for other transverse masses

* Similar results for smaller and larger

transverse momenta

* Maximum also seen at STAR

 Again, full hybrid+hydro models

needed for interpretation
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RISV EE IR0 Collision energy dependence

Excitation function of HBT radii

* Systematics not apparent

 System Volume linearly increases
with dNCh/dﬂ
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Scaling in d+Au

D_‘ U e O T I [ (L T S DR B '__' Top =Bl Do Do ool el rmfadiz el foshain s dont
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Beyond HBT

Momentum space anisotropy

* Magnitude of elliptic and triangular anisotropy changes only a little
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